It has been postulated that the development of irreversibility in shock initiated by trauma or hemorrhage is mediated primarily by a breakdown of bacterial defense mechanisms and an attendant vasculo-toxic sequela. The validity of this thesis rests in large part on experiments in dogs and rabbits (1, 2) in which pretreatment with antibiotics successfully circumvented the fatal consequences of a standardized episode of hemorrhagic shock. Further support has been derived from indirect evidence: a decreased tolerance to bacterial endotoxins (3), a fall in blood properdin levels (4), and an impaired capacity to clear bacteria from the bloodstream during the course of the shock reactions (5). The pathophysiologic alterations produced by bacterial endotoxins have been shown in recent experiments (6, 7) to be strikingly similar to the vascular manifestations of the shock syndromes produced by hemorrhage and trauma. Moreover, animals rendered tolerant to bacterial endotoxins by repeated exposure to these extracts were found to be resistant to both hemorrhagic and traumatic shock.
the syndrome of irreversible shock should be difficult or impossible to produce in "germfree ''t rats.
The present paper deals with the results obtained when a standardized procedure for inducing hemorrhagic shock was applied in germ.free rats and directly compared with the results in ordinary laboratory rats reared in the conventional manner.
Material and Methods

A niraals:
Lobund albino rats (an inbred Wistar strain) and Holtzman albino rats of both sexes were paired for each experiment with respect to weight. All animals were normal born and mother suckled. The germfree rats, as well as those which lived in conditions of controlled contamination, were the offspring of cesarean-born, hand-fed parents and were 2 to 10 generations apart from them.
Germfree Rats.--
All germfree rats which were used appeared to be healthy and vigorous. It is known, however, that there are certain differences between germfree and ordinary stock rats. Among the characteristics of germfree rats, the following examples can be listed: distended ceca with increased mass of semiliquid contents, somewhat softer stools, reduced wet weight of some abdominal organs in terms of percentage of the body weight (mainly the small intestine), fewer lymphocytes in organs which conventionally harbor bacteria (14) , and, in chickens, a low level or lack of antibodies against bacterial antigens (15) .
The germfree rats were reared in Reyniers' germfree units (13) and were free from demonstrable viable bacterial contaminants throughout their lives.
In the shock experiments, the gerrnfree rats were subdivided into two groups. In the runs listed as preliminary, the rats were removed from their original germfree housing and exposed to the laboratory environment, in which the shock experiment was started without delay. In this type of study, all instruments, caunulae, solutions, etc., which came in contact with the animal directly were steam-sterilized. Thus, in the germfree animals listed in the tables as "open environment," the work was done under conditions which are generally considered to be "sten'le. '~ However, a limited exposure to viable bacteria in the laboratory air and other contact material had necessarily taken place, starting from the time the animals were removed from the germfree units until the termination of the shock experiment.
In the runs which form the main body of this report, proper measures were taken to secure the bacteria-frce state throughout the experiment. Shock was induced in rats which were transferred from their germfree housing units v/a a sterile lock into a plastic hood which was presterilized with a peracetic acid aerosol (16) . Materials, which could be subjected to chemical sterilization, were treated in situ during the sterilization of the hood. Other materials were autoclaved and passed, via the sterile lock, into the germfree rearing unit and from there, together with the animals, into the sterilized plastic hood. A proper air intake and i The term "germfree" has come into accepted general usage (13, 14) in referring to animals reared under aseptic conditions sufficient to ensure a bacteria-free environment, but not necessarily eliminating the possibility of viral or rickettsial infection. For the sake of convenience and continuity, the term "germfree" will be used in the present report, keeping in mind that this connotation does not imply other than a bacteria-free history.
exhaust system insured adequate exchange of sterile air (16) . The operator and assistant worked inside the hood by means of attached arm extensions into which surgical gloves bad been fitted.
The procedure used for checking the bacteriological status of germfree animals prior to the induction of shock were, with slight modifications, essentially those which have been previously reported (13) . The interior of the plastic hood was carefully tested for bacterial contamination at the termination of each experiment. Sterile cotton applicator swabs were used to sample the air inlet and outlet orifices as weft as wall, floor, glove, and equipment surfaces. The swabs were inoculated into deep tubes of fluid thioglycocollate medium and incubated at 37°C. for 2 weeks for observation of microbial growth.
Bacteriological cultures were also made from representative tissues, organs, and surfaces of the animal at the termination of the experiment. These included swabbings of skin and fur, mouth, anus, and peritoneal cavity as well as samples of blood, lung, liver, kidney, spleen, and cecum. All samples were inoculated into fluid thioglycoliate medium and examined for evidence of microbial growth. In the case of animals which died following blood replacement, the cultures were taken as soon as possible after death. In the case of survivors, the animal was sacrificed 16 to 24 hours after blood replacement and similarly cultured.
Rats Contaminated with a Single Bacterial Species ("Monoconlaminated").--
Included in this series were rats which were contaminated from birth with a single species of bacteria. Such animals, housed in germfree type units and available at Lobund at the time of the experiment, were infected with a fastidious pleemorphic Gram-positive organism which could be grown from fresh cecal contents, sporadically recovered from freshly voided feces and never recovered from organs, mouth, body surfaces, or cage environment. In terms of the effect of this contaminant upon the host, it was found to be quite inactive; i.e., the physiological characteristics of these animals remained very similar to those of the germfree. Similarly, the presence of this organism did not elicit a serological response in the host. The organism is referred to by code name 56D10, since its generic name has not been established. The shock experiment in these rats was performed in the plastic hood as described above for the germfree experiments.
Normal Stock
Rats.--These rats were bred and maintained in the Lobund animal colony in standard wire-mesh cages under the usual laboratory conditions.
.D~ts:
Diets L-330 and L-356 were used. The former is a fortified mixture of natural foods; the latter is semisynthetic. Bothwere steam sterilized at 254°F. (7 psi) for 25 minutes before use. 
Rat Diet L-330
Ingredients
Induction of Hemorrhagic Shock:
Shock was induced by a graded hemorrhage procedure (17) in which the blood pressure was lowered stepwise. The rats were anesthetized with 30 rag. sodium pentobarbital/kg. The blood pressure was recorded and bleedings were made through a cannuls inserted in the common carotid artery. Heparin was added to the cannula system and the pipettes into which the blood was collected. Additional heparin was added to the bleedout system following the successive bleedings needed to lower the blood pressure to shock levels. Thus, the animal itself was not heparinized during the shock period, except during the terminal phases when spontaneous uptake developed and with the final replacement of the blood withdrawn during the procedure. The animals were subjected to a drastic, highly lethal procedure, as well as a moderate, comparatively nonqethal hemorrhage in order to determine whether the germfree rats were more resistant, as anticipated, or perhaps more susceptible than ordinary stock animals.
In the initial experiments several germfree rats were subjected to a standardized form of graded hemorrhage under the usual laboratory conditions. These animals were then compared with rats reared under standard laboratory conditions on a similar semisynthetic type of diet. It was felt that because of the divergent bacterial background of the two sets of rats, the deleterious effect of a bacterial factor in the progression of the shock syndrome should be more readily apparent in the normal controls.
Shock in Rats Removed from their Germfree Environment.--Rats were re- 
Rat
No. moved from their germfree environment, anesthetized immediately with sodium pentobarbital (3.0 rag./100 gin.), and within 20 minutes subjected to graded bleedings (50 ram. Hg--1 hour, 35 ram. Hg--2 hours). As indicated in Table I , all the animals developed a typical pattern of irreversible shock which was unresponsive to blood replacement. There were no significant differences between the control and germfree rats, as evidenced by the lethal course of the syndrome, the blood loss required to induce hypotension, or the spontaneous uptake of blood from the bleedout apparatus. The germfree rats showed a highly satisfactory adjustment during the first 2 to 3 hours of the hypotensive episode, with no evidence of circulatory collapse. Quite abruptly, during the end of the 3rd hour, decompensatory changes developed and death ensued despite blood replacement. Blood samples were taken terminally from two of the germfree animals listed in Table I . In rat G-2, Pseudomonas aeruginosa was recovered and in G-3, Streplococcusfecalis and a beta hemolytic streptococcus.
Shock in Rats Maintained in their Germfree Environment.--The initial experiments, although suggestive, were not sufficiently critical for several reasons. The possibility existed, in view of the absence of precautions for sterility, that exogenous bacterial contamination was introduced through the open neck D, died x hours after blood replacement. S, sacrificed x hours after blood replacement.
wound and the blood pressure-bleedout apparatus. The effects of such contamination on the germfree animal during shock were of course unknown. Thus it was felt that a shock study under completely sterile and bacteria-free conditions would provide more conclusive evidence along these lines. In view of the highly lethal shock reaction imposed by the drastic hypotension used in the initial experiments (see Table I ), a more moderate episode was first employed in the following studies with germfree rats. The second group of experiments was conducted in a sterilized plastic hood into which both the control laboratory animals and the rats reared under germfree conditions were transferred, and in which the entire hemorrhage experiment was, therefore, carried out under bacteria-free conditions. The rats were subjected to graded hemorrhage, using a level of hypotension which, on the basis of previous experience with normal stock rats, was fatal to only 40 to 50 per cent of the animals (65 ram. Hg for 1 hour and 40 ram. Hg for 2 hours). Here again there were no striking distinctions between the reactions to hemorrhage in germ-free rats and in stock controls (Table II a) . The syndrome appears to be identical with that produced under comparable conditions in D, died x hours after blood replacement. S, sacrificed x hours after blood replacement.
normal animals. Both sets of animals required equivalent bleedings to achieve hypotension. As in the previous experiments with monocontaminated rats, the decompensatory uptake of blood from the reservoir was a variable and unpredictable stigma which could not be related to the ultimate survival of the animal. Bacteriological studies (Table II b ) supported the efficacy of the procedure--swabbings of the interior of the cage and surface of the animal, blood samples, and tissue specimens gave negative cultures. Two of the normal stock animals, which showed a variable bacteriemia in the liver and spleen following hemorrhage, survived the procedure. On the other hand, rat 113, which showed no bacterial contamination, succumbed 2 hours after blood replacement. Open laboratory environment
Exmono-contamihated rats[] 22 17
Ordinary stock rats D, died x hours after blood replacement. S, sacrificed x hours after blood replacement.
Shock in Rats with a Single Bacterial Contaminant.--As indicated in the section
on Methods, there was available a set of rats, reared under germfree conditions, which were contaminated by a slow growing organism. These animals were sturdy and indistinguishable from other germfree rats. The findings, summarized in Table III a, show no significant differences in either the pro- 
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gression of the shock reaction, or in the onset of irreversibility between the monocontaminated and the usual laboratory rats following graded hemorrhage. As a further check, several animals from each group were studied outside the cage with routine laboratory techniques. Bacteriological studies confirmed the germfree nature of the procedure, since organisms could not be cultured from either the blood or tissues, with the exception of the 56D10 bacterium which was present only in the cecum (see Table III b). A variable bacteriemia developed in both groups of rats studied in the absence of precautions for asepsis. It should be noted that there did not appear to be a discernible relation between bacteriemla in particular organs, specific bacterial contaminants, and the development of irreversible shock. Although a spontaneous uptake of blood from the bleedout reservoir system developed to a variable extent in this series of shock experiments, there was no consistent association of this tendency with irreversibility.
An interesting addition to this series were two monocontaminated animals which had been removed from their original germfree housing units and kept in the open laboratory for 2 and 3 days and then exposed to the shock experiment (Table Ill a, rats 17 and 22). Accordingly, from the viewpoint of adaptation, these animals were in a state of transition from mona-to mixed contamination, in contrast to the other animals of this report which were fully adapted to their environment. In spite of this, as judged by the results of the shock experiment, these animals aligned themselves with the germfree and the stock laboratory rats. At the same time, it is interesting to note, bacteria could be grown from various organs of these animals after the termination of the experiment (Table  III b) . As indicated by the findings in rat 17, sacrificed 1 hour after blood replacement, at which the blood pressure was 110 mm. Hg, a bacterial infection had already developed by the time the shock was terminated by transfusion.
Blood Loss into Enlarged Cecum o.[ Germfree Rats.--One of the striking morphological differences between gerrafree and ordinary stock rats was the presence in a significant number of germfree animals of an enlarged cecum (14) . Following an episode of graded hemorrhage and blood replaceme,it, the small intestine and cecum would occasionally show extensive congestion and frank hemorrhage. The possibility therefore existed that this factor, by itself, might represent an unusual area of sequestration of blood and thereby contribute disproportionately to the collapse following blood replacement. Regarding the enlarged cecum of the germfree rats, the average weight of cecum contents per 100 gin. body weight in the normal born, mother-suckled, adult rat was found to be 3.50 -4-0.7 gin., while in similar normal rats it was 0.65 4-0.2 gin. On the other hand, the weight of the cecum wall alone was 0.30 4-0.10 for the germffee and 0.14 4-0.02 gm. for the normal controls.
The mass of tissue represented by the cecal sac which can be made responsible for the suspected unusual sequestration of blood in the germ_free, amounts to a fraction of 1 per cent of the body weight both in the germfree and in the ordinary stock rat. The quantity of blood which can be trapped in this tissue of the germfree rat is small in comparison to the total blood volume of the animal. It also appears that there is no essential difference between the germfree and normal animal in terms of total blood volume, RBC, and hemoglobin. In view of these considerations, the enlarged cecum probably does not seriously affect the comparability of the germfree and stock laboratory animals.
Furthermore, during the course of the shock work, two germfree animals were encountered with conventional sized ceca (Table II a, Nos. 109, 110) and one of the stock controls (Table IIIa No. 100) was found to have an enlarged cecum comparable to the germfree. Despite these differences, the behavior of all these animals was essentially the same. It therefore did not appear probable that the magnitude of the blood trapping in the cecum of the germfree rat could significantly alter the sequence of events and per se be responsible for the irreversible tendencies in these animals.
Hemodynamic Measurements in Germfree
Rats.--Inasmuch as the above experiments represent the first hemodynamic studies on germfree animals, a number of pertinent observations should be recorded. The blood pressure of these rats, reared under germfree conditions, was uniformly high, ranging between 145 and 165 ram. Hg, as compared with 100-120 for normal controls. Whether this was an effect produced by the pentobarbital anesthesia could not be ascertained. The tolerance of germfree animals to pentobarbital was about the same as that of conventional controls, a dose of 3 rag./100 gin. body weight being used in all experiments.
In contrast to the response of ordinary stock controls, the blood pressure of germfree rats tended to remain at its initial low level following each bleeding. There was no rebound or compensation as is usually encountered in normal rats. However, the tolerance of germfree rats to hypotension and the total blood loss require d to sustain different levels of hypotension were almost identical with those of control animals.
Dietary Modifications.--Some consideration must be given to the influence of diet and animal strain on the outcome of the experiment. Experience with the germfree rat colony has indicated that vigorous animals can be reared on a sterilized semisynthetic diet (L-356). In the stock laboratory animal colony, sterilized L-330 gave better results than L-356. In the present experiments three different diets and two strains of rats were used so that the results of the germfree experiments could be projected against this varied background. There were no differences that could be ascribed to the particular dietary regimes.
Pathological Fimtings.--The tissues of the shocked animals were subjected to both gross and microscopic examination. In general, the over-all picture in the germfree rat was similar to the syndrome in the stock control rat. In animals which survived the procedure, the principal evidence of pathology was an occasional patchy congestion in the cortex of the kidney, hyperemia of the adrenals, and the accumulation of red blood cells in the mesenteric lymph nodes. Animals coming to autopsy following death showed a uniform congestion of the distal half of the small intestine with occasional frank hemorrhage into the lumen, patchy areas of ischemia, and congestion in the cortex of the kidney, dark lymph nodes and swollen congested adrenals.
The livers of the germfree rats did not usually present the swollen, dark congested appearance which is characteristic of shock in normal rats. On histological inspection the sinusoids in all fatal cases appeared somewhat distended, but were not engorged with blood. Several of the germfree animals undergoing irreversible shock showed an unusually pale, firm, small liver. The unusual pallor was not associated with the deposition of fat or glycogen in the liver cells which were normal in appearance.
DISCUSSION
The primary purpose of the experiments with the germfree animals was to test the hypothesis that bacterial contamination, presumably of enteric origin, represents the vasculotoxic factor which precipitates the ultimate collapse of the circulation. The validity of this concept could most convincingly be examined when a direct comparison was possible between two sets of animals, one having been reared in the absence of bacteria, and the other having been exposed to the bacteria of a normal laboratory environment. On the surface, this requirement would seem to have been met in the present set of shock experiments in which germfree and ordinary stock rats were subjected to hemorrhage under comparable circumstances. The significance of such a study will depend on careful consideration of the physiological characteristics of the two sets of animals.
It is evident that the germfree differs from the control laboratory rat, not only by the absence of bacterial flora, but also by the lack of systemic responses which the animal musters to the presence of the flora. In many respects, the germfree animals represent a new type of experimental subject; they differ from normal in organ weight, distribution of connective tissue, lymphatic elements, and a variety of defense mechanisms related to the antigen-antibody system (15) . Identical diets fed to germfree and ordinary rats may not be functionally equivalent since intestinal bacteria consume an undefined part of any diet and convert another part into different compounds that can be utilized by the host. For these reasons it cannot be inferred with certainty that the circulatory collapse following severe hemorrhage is necessarily determined by the same factors in both sets of animals. Until more information is available concerning the hemodynamics of the cardiovascular system in the germfree rat, we must interpret our findings with some caution.
The experiments have demonstrated several points clearly: (a) a state of irreversible shock can be induced by hemorrhage in the absence of bacterial elements under conditions as they exist in the germfree rat; (b) the germfree rat is neither significantly more, nor less susceptible, to blood loss than controls; (c) the collapse of the circulation appears to be associated with the same basic elements in both instances; (d) the pathology is essentially the same, except for the reservations made with respect to the liver in occasional germfree rats; (e) the variable nature and extent of the bacterial involvement in contaminated rats does not support the direct association of bacteriemia and irreversibility. How then can we interpret these findings in the light of the previous experiments of Fine and coworkers and the apparent relation between bacterial endotoxins and shock? It should be emphasized that the evidence to date has been purely circumstantial. It is obvious that the demonstration of an increased susceptibility to endotoxins, or an exacerbation of the shock condition by endotoxins, does not by itself constitute acceptable evidence for a causal relationship between these two sets of factors. Again the demonstration that induced tolerance against bacterial endotoxins circumvents the lethal effects of hemorrhagic and traumatic shock does not permit one to conclude that the basis for the protective action resides in the abolition of endotoxemia per se. As emphasized in a previous paper (7), tolerance, induced by repeated exposure to Iipopolysaccharide extracts of Escherichia coli, is associated with other systemic readjustments which may themselves be responsible for the resistant state.
Another consideration is that animals reared under gerndree conditions in all probability receive some bacterial products in their food. The question as to whether orally administered endotoxin is capable of inducing physiologic effects remains unsettled. Unfortunately we have no experimental data on the relative susceptibility of germfree rats to endotoxin, either in control conditions or following an episode of shock.
SUMMARY
Evidence has been provided that a state of irreversible hemorrhagic shock can be induced in a bacteria-free environment in rats reared under germfree conditions. The response to bleeding, the duration of the hypotensive episode and the pathological changes were the same in the germfree and in normal stock rats. The findings are interpreted as evidence opposed to the concept that bacteria or bacterial products are implicated, as primary factors, in the pathogenicity of shock. 
